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Tectonism Wind
Cratering
Planetary Geomorphology
 Use observations of topography and geology:
 To assess what physical processes affect planet surfaces;
 To assess the rates of these processes;
 To infer geologic history and environment.
Volcanism Water
Ice
Rates and Ages
 Remote Sensing:  Orbital Exploration
Geochronology from impact crater density…
…Relative age interpretations, done carefully, are reliable.
…Absolute ages on Moon, extrapolated elsewhere.
 Fieldwork:  In Situ Exploration
In situ geochronology in a few places.  Future might be bright: 
many new concepts and instruments
 Experimental work + Sample Analysis
Best example:  Dating of lunar sample collection from well-
characterized field sites
Motivating questions
1. How does the topography of airless bodies 
evolve?  
2. Can we constrain the age of features and 
surface from their topography? 
LROC NAC Synthetic Perspective of North Ray Crater (50 My old)
Background: Landform Evolution
Background: Landform Evolution
From Gilbert 1909; J. Geology 
Background: Topographic Diffusion
Columbia Hills, MER Spirit, Mars
Atacama Desert
Dietrich and 
Perron, 2006
Swann Ridge, Apollo 15, the Moon
Background: Diffusion and Cratering
“…[impact cratering] is analogous, but generally at a larger scale, 
to the effect of a raindrop …” 
Alan Howard, 2007 (Geomorphology)
North Massif, Apollo 17
Soderblom (1970)
Background: Lunar Craters
‘Zap pits’  D~1 mm
(Apollo sample 64455)
Schrodinger Basin   D=310 
km   (Clementine)
Tycho Crater D=90 km   
(Kaguya Terrain Camera)
Linné Crater D=2.2 km   
(LROC NAC)
Craters at all scales, but small 
craters form much more often.
Background: Simple Craters:
Known, self-similar initial forms
Linné Crater, 2.2 km diameter
(LROC; Garvin et al., 2011)
Pike 1977
Topographic Diffusion & Crater Degradation
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Topographic evolution
of elevation field h, 
with diffusivity κ:
Two Sources of Topography Data: LOLA Laser 
Altimetry and Kaguya TC Stereo Imaging
Lunar 
Orbiter 
Laser 
Altimeter 
(LOLA)
Kaguya (Selene) Terrain 
Camera
LOLA 512ppd (~59m/px) versus 
Kaguya Terrain Camera Stereo Data (7-20 m/px )
Methodology and Data Analysis
El
ev
at
io
n 
(m
)
Map all craters D=800m to 5 km
Mare inside Tsiolkovsky Crater 
Extract topography for each crater
Methodology and Data Analysis
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 Mapped, extracted topography, and 
fit diffusion profiles (in 2D) for 
13000+ craters.
 Solve for three parameters: 
 H0:  “zero value” for surrounding 
elevation
 D0: initial diameter  
 κt: Degradation state 
 Typical fitting uncertainties: 
 κt is ~2.5%
 D0 is ~0.5%
(larger and more degraded craters 
have worse fits)
Fitting Diffusion Profiles
N(800m):  Crater density number of 
D≥800 m craters  per 103 km2
Crater Density on the Lunar Maria
N(800m):  Crater density number of 
D≥800 m craters  per 103 km2
Computed in 50 km radius moving neighborhoods
Crater Density (Detail)
Factor of 10 × difference in crater density
Degradation State versus Crater Density
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Degradation State versus Age
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Fassett and Thomson, 2014
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Diffusivity and Erosion History
 Typical diffusivity (at km-scale) over last  ~3 Gyr is  κ~5 m2/Myr.  
Diffusivity is ~200× less than what is measured in the western US 
(e.g. κ~1000 m2/Myr; Colman and Watson 1983).
 Reminder: Erosion Rate, dh/dt = κ∇2h.  Median rate of change of 
topography driven by km-scales: 0.3 mm/Myr.
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Application: Crater Erosion
After 3 Gy, a D=1 km crater is reduced to 50% 
of its original depth.
Application: Erosion Rate
Erosion & deposition at rates ~2-3 cm/Myr in areas with greatest 
topographic relief.  
Maximum local dh/dt estimated at 100-m baseline
Application: Terrain Age
Te
rr
ai
n 
Ag
e:
   
Cr
at
er
 D
eg
ra
da
tio
n
Te
rr
ai
n 
Ag
e:
   
Cr
at
er
  D
en
sit
y
Fassett and Thomson, 2014
Application: Terrain Age
(Detail: Imbrium + Serenitatis)
Crater Statistics Crater Degradation
Application: Lunar Rilles
AS15-85-11398/AS15-85-11399
Photo Credit: Jim Irwin
Application: Lunar Rilles
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Vertical Exaggeration ~2x
LROC NAC Stereo Digital Terrain Model 
(5 m/px)
Issue:  Unlike 
with craters, 
lack good 
constraint on 
initial 
topography
Distance (m)
-56E, 13.7NUnnamed Rille in Marius Hills (Hurwitz et al. 2013, #40)
Application: Lunar Rilles
Triangular initial profile: 
30o interior slopes…
Final κt ~14500.   t~2.5 Gyr
Infill ~ 60 m
Rectangular initial profile: 
90o interior slopes…
Final κt ~18300.   t~3.5 Gyr
Infill ~ 40 m
Application: Lunar Rilles
 Many tens of meters of fill over age of 
exposure;
 Even after ~3 Gy of erosion, wall still 
is eroding back at ~3 cm/Myr.
 Consistent with exposures of 
numerous new rocks.   
99% of >2m rocks destroyed in 150 to 300 
Myr (Basilevsky et al., 2013).
 Deviation from diffusive shape near 
rim may be due to weathering 
limitation imposed by breakdown of 
boulders and bedrock.
Crater Degradation Controls Equilibrium
“Below some limiting 
diameter….there will be a 
steady number of craters 
of any given size, no 
matter how long the 
cratering continues, and 
craters of a given size will 
exhibit a complete range of 
shapes [degradation 
states] from fresh…to 
barely discernible.”
Shoemaker, 1965.
Robbins et al., 2014.  “The variability of crater identification among expert and community crater analysts”, Icarus
Maria in equilibrium, D<~100-300 m.
A symptom of equilibrium is that 
counts become more subjective – is 
that little divot a crater or not?  If so, 
how big is it?
Crater Degradation Controls Equilibrium
Application: Crater Erasure: Ejecta Only
Minton et al., 2019
LROC
There must be significant extra
diffusive degradation besides just 
mass displacement by proximal 
ejecta!
2015-2019: Insights into diffusive forcing
 Local proximal crater ejecta 
alone is totally insufficient.  
Enhanced micrometeorite flux 
also insufficient.
 Indirect motions of material 
triggered by distal 
ejecta/secondaries matters more 
than local ejecta.
Soderblom (1970)
March 17, 2013 impact crater
Before and After
See Speyerer et al., 2016     
Minton et al., 2019     
NASA/GSFC/ASU/LROC team
Application: Crater Erasure: Distal Ejecta
Minton et al., 2019
2015-2019: Diffusion is Anomalous,
or, what I missed in 2014
 Effective κ experienced by 
smaller craters is less than 
larger ones.  
 κeff ~ κref D4+η where η is the 
slope of the CSFD and η~−3.1
for craters <~100m.
 Crater lifetime: 
𝜏𝜏 ~ 𝐷𝐷2−(4+η)
κ𝑟𝑟𝑟𝑟𝑟𝑟
α D1.1
κ ∝ D0.9
From Minton and Fassett, LPSC 2016 
2015-2019: Diffusion is Anomalous,
or, what I missed in 2014
Summary so far
 Topographic evolution of craters 
and other landforms can be 
modeled as a diffusive process.
New calibration for the rate 
at which the Moon’s surface 
topography changes.
 It’s complicated, but with 
topography of craters, we can:
→ Estimate the age of
individual craters & landforms;
→ Estimate the age of surfaces 
in a manner complementary 
to crater statistics.
 How does Mercury compare?
Degradation State, κtAge (billions of y ars)
The Moon and Mercury
Topography from the Mercury Laser 
Altimeter (MLA)
Stereo Topography
All Stereo Pairs
Wide Angle Camera, 
blue;
Narrow Angle Camera, 
red
All Stereo  Pairs
Source images
<100 m/px
Dots are 
processed Digital 
Terrain Models (DTMs)
Stereo Topography Examples
Get data or manuscript (Fassett, 2016):  http://www.calebfassett.com/mercurydtms
Mercury Craters
 Extracted, 
measured and fit 
1800 craters, 
D=2.5−5 km.
 Obvious, major 
differences from 
lunar maria.  
Craters on 
Mercury are 
much shallower.
Fassett et al., 2017
Mercury / Moon Rate Comparison
Fassett et al., 2017
 Need to estimate relative 
age of smooth plains and 
maria to understand 
implications for rate.
Le Feuvre and 
Wieczorek (2011) porous 
model: 3.5 Ga average age for 
smooth plains.
 Mercury has >~2× faster 
degradation than Moon.
Equilibrium SFD on Mercury
Cumulative CSFD R-Plot (same data)
Mercury landforms degrade faster
 Crater degradation and equilibrium measurements consistent with:
 Faster destruction of crater rays (Braden et al., 2013).
 Faster growth of regolith, thicker regolith (Kreslavsky et al., 2014).
Kreslavsky and Head, 2015
Density of craters ≥20 km  in 
neighborhoods of R=500 km.  
Mercury and the Moon: Cratering Record
N(20):  Crater density number of 
D≥20 km craters  per 106 km2
Computed here in moving 
neighborhood of 500 km radius.
Mercury and the Moon: Cratering Record
N(20):  Crater density number of 
D≥20 km craters  per 106 km2
Computed here in moving 
neighborhood of 500 km radius.  
Updated with orbital data after 
Fassett et al, 2011, GRL
Rachmaninoff
Density of craters ≥20 km  in 
neighborhoods of R=500 km on 
Mercury.  
Mercury and the Moon: Cratering Record
Fassett et al., 2011 (GRL)
Mercury and the Moon: Cratering Record
 Mercury ≠ Moon.  No surfaces 
have as high a crater density on 
Mercury as on the Moon…
 “Standard” (2011) Explanation:
 Early resurfacing of Mercury 
by volcanism; essentially 
global in extent.
 No primary or preserved 
early crust on Mercury, 
*unlike* lunar highlands.
Marchi, Chapman, Fassett, Head, 
Bottke, Strom, 2013, Nature (above)
Fassett et al, 2011, GRL
Mercury and the Moon: Cratering Record
 Mercury ≠ Moon.  No surfaces 
have as high a crater density 
on Mercury as on the Moon…
 2018-9 Possible Explanation:
 Early resurfacing of 
Mercury by cratering much 
more efficient than on the 
Moon: High κ.
 Early crustal material on 
Mercury might be there, 
but smoothed and  mixed 
more than lunar highlands.
Conclusions
 We are converging on a model for how the topography of airless 
bodies evolves, including process and rate.
 This understanding provides a framework for constraining the age 
of individual craters, features, and surfaces.
 Landform evolution was much faster on Mercury than the Moon. 
This may have important consequences for understanding early 
Mercury history.
Extra Slides
Crater Statistics
Empirical evidence for anomalous 
diffusion
 Median κt
increases with 
exponent ~0.9.
 Agrees with 
theory, D4+η,
η~-3.1,as well as 
equilibrium SFD-
derived 
constraint.
 Largest bin is an 
outlier.
Other empirical evidence for Anomalous 
diffusion
Schultz et al. (1976) 
showed primary 
volcanic landforms 
of ~50-150 m survive 
on parts of the mare 
(domes, ring moats). 
Revised effect on Crater Depth
 With size-dependent  
diffusivity, over 3 Gyr:
 a D=300 m crater is 17% of its 
original depth.
 a D=50 m crater is 2% of its 
original depth.  
(Unrecognizable, d~20 cm)
With anomalous  diffusivity:
Crater lifetime scales as ~D1.1 
(instead of T~D2) so a 300-m 
crater’s lifetime is 26% that of a  1 
km crater.
Classical Diffusion
Anomalous Diffusion
Mercury and the Moon: Cratering Record
Caloris
Rembrandt
Beethoven
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Degradation state versus Age
< ~0.8 Gy:
Higher κ
~0.8 to ~3.1 Gy:
~Constant κ
>~3.1 Gy:
Increasing  κ
Location of points on 
x-axis (ages) are 
functionally 
dependent on 
Neukum Chronology.  
But if incorrect, shifts 
in time should be 
relative…
Degradation state versus Age
< ~1 Gy:
Higher κ
~1 to ~3.3 Gy:
~Constant κ
>~3.3 Gy:
Increasing  κ
Robbins Chronology
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